Soils developed in the alluvium terraces of the River Nile at Khartoum North, Sudan was analyzed in an attempt to classify it as well as to refer them to their origin. Three river terraces comprising nine profiles were selected to cover the physiographic positions. Lack of B horizon and carbonate accumulation were main pedogenic processes in subsurface horizons, whereas orhric epipedon was developed on top soil surface. The microscopic inspection of heavy sand mineralogy indicated that the origin of the sand was the Ethiopian plateau. The most abundant clay mineral was smectite, followed by illite, kaolinite and chlorite. The presences of micas (illite) and chlorite in all studied soil samples might emphasize that these soils were young from the pedological viewpoint and less weathered. The soils of the River Nile terraces at Khartoum North were classified into: Typic Torrifluvents (1st terrace), Entic Haplocambids (2nd terrace) and Typic Haplocambids (3rd terrace). Mineralogy analysis indicated that the Entisols and Aridisols of the River Nile terraces in the study area had the same origin that of the igneous and metamorphic rocks from Ethiopian plateau.
Material and Methods

Study Area and Soil Sampling
The investigated area is part of the perilagoonal belt located in the northeastern part of Khartoum North, Sudan between the River Nile at El Khogalab village (Khartoum North), extending eastwards till the piedmont plain and is located where the grid coordinate is at 451437 to 459503N and 1747982 to 1750070E (Figure 1) . The study area falls within the semi arid zone [9] (Van der Kevie, 1973) . The average annual rainfall varies from 100 -225 mm. Mean maximum temperature of the hottest months May and June is 40˚C and 42˚C, respectively. Mean minimum temperature of the coldest month (January) is 13˚C -16˚C. According to the Soil Taxonomy [10] (Soil Survey Staff, 2014a), the calculated soil temperature regime is hyperthermic, and soil moisture regime is variable from arridic/torric to ustic depending on local topographical conditions. Nine soil profiles and six augers were chosen to represent the different terraces of the River Nile at Khartoum North, Sudan. Profiles 1, 6 and 7 and augers 1, 4, and 5 represent the very recent (1st terrace) Nile terrace soils. Profiles 2, 5 and 8 and augers 2, 3, and 6 represent the succeeding terrace soils (2nd terrace), whereas, profiles 3, 4 and 9 (P 3, 4, 9) are the intermixing of the alluvial plain and the piedmont (Figure 1) . Tundub (Capparis decidua), Seyal (Acacia tortilis), Usher, Musket (Prosopis chilensis), Heglig (Balanites aegypiaca) and Seder (Zizyphus spina-christi) are the predominant species among the natural vegetation [11] . All profiles were located using a global position system (GPS, Model 12 XL Garmin). The map of the study area was created using Arc GIS software version 9.3 (Arc GIS, Esri, USA). The sequence of nine representative profiles was described in the field according to [12] Schoeneberger et al. (2012) . A soil sample approximately 1 kg was collected from each horizon or layer and kept in a plastic bag.
Samples Preparation and Analysis
Soil samples were air-dried (26˚C ± 1˚C) and passed through a 2 mm mesh sieve to obtain the fine soil fraction. The particles-size distribution of the soil samples was determined by the standard pipette method [13] (Dee and Bauder, 1994 ) and the textural class was obtained by using the USDA textural triangle [14] (Soil Survey Staff, 2014b). Soil pH was determined in the saturated soil paste using a digital pH meter model (3510, Jenway). Electrical conductivity (EC) of the saturation paste extraction was determined by using a digital EC meter Model (4510, Jenway). The soluble Ca 2+ and Mg 2+ were determined by versenate titration method; whereas the soluble Na + and K + were determined by using flame photometer model (Corning 400, USA). The soluble 2 3 CO − and 3 HCO − were determined by titration method against H 2 SO 4 , while soluble 2 2 SO − was determined by using turbidity method [15] (Tabatabai, 1996) . Total N was determined using modified Kjeldahl wet digestion method [16] (Sparks, 1996) . The soil organic matter (SOM) was determined by using modified Walkley-Black method [17] (Nelson and Sommers, 1996) . Total P was determined using wet digesting method and the absorbance of the solutions were read colorimetric by using spectrophotometer model (Lambda EZ 150, PerkinElmer, USA) according to [18] Olsen and Sommers (1982) . Calcium carbonate content (% CaCO 3 ) was determined volumetrically using calcimeter method according to [19] Balázs et al. (2005) . The exchangeable sodium percentage (ESP), percentage base saturation (% BS), and cation exchange capacity (CEC) were determined and calculated according to standard method [16] .
Samples of the fine and very fine sand fractions (25 -63 µm) were separated into heavy and light minerals using bromoform (sp.g. 2.85). Mineral grains were mounted on glass slides using natural Canda balsm (R.I 1.538). Systemic identification and area count of minerals were undertaken using a Zeiss polarizing microscope. These procedures were carried out according to [20] Mange and Maurer (1992) . The ratios between some ultra stable minerals were used to evaluate the uniformity, whereas the ratios between less stable and ultra stable minerals were used to evaluate the degree of soil weathering [21] (Hammad, 1968) . For clay minerals analysis, the selected samples were pretreatment with oxygen peroxide (30% H 2 O 2 ) to remove organic matter, sodium acetate (1N NaOAc) to remove calcium carbonate, and addition of 1N NaCl to separate the clay from silt and sand, the clay samples (<2 µm) were treated with citrate dithionite bicarbonate to remove iron oxide [22] (Mehra and Jakson, 1960) . K-saturated clay suspensions was prepared and mounted on glass slides. X-ray diffraction of the parallel-oriented clay specimens was carried out with the X-ray diffractometer Model (XRD, Shimadzu 7000) with Cu Kα radiation, 45 kV and 35 mA and scanning range from 2 to 40 Theta. In order to investigate more precisely the mineralogical characteristics of the samples, K-saturated clay specimens were heated at 550˚C for 2 hours. The interpretations of the clay minerals composition were done according to [23] Dixon and Weed (1989).
Statistical Analysis
Variations in the soil properties within depths and terraces were statistically analyzed with Turkey's significant difference test for mean separation (P < 0.05). All statistical analyses were performed by using statistical package for social science software (IBM SPSS Statistics 16 Core system, IBM Corporation 2012, NY, USA).
Results
Morphological Properties
The description of the selected representative soil profiles of the three terraces are presented in Table 1 . Profile 6 located in the 1st terrace, profile 5 located in the 2nd terrace, whereas, profile 4 located in the 3rd terrace. Almost all profile except Profile 6, were characterized by a horizon sequence A/Bw or A/Bv suggesting that the soils were young. Soil texture of all profiles belong within four textural classes; loamy sand, sandy clay loam, clay loam and sandy clay. All profiles showed sub-angular blocky structure in the surface horizon and the lower horizons were massive. The quantity of roots in the soil profiles decreased with depth and the boundary between horizons was generally abrupt and wavy. Table 2 presents data of percent clay, silt and sand content. The table revealed no significant difference (P > 0.05) among depth means of % clay in the 1st terrace, whereas there was a significant difference between depth 90 cm and depths 30, 60 and 120 cm in the 2nd terrace. Similarly, there was a significant difference between depth 30 cm and depths 60, 90 and 120 cm in the 3rd terrace. The terrace means showed a significant difference (P < 0.05) between the 2nd terrace as compared with 1st and 3rd terraces. The table also showed that the clay content decreased with depth in the 1st terrace, and increased with depth in the 3rd terrace, and was irregularly varied in the 2nd terrace. Insignificant difference (P > 0.05) among depth means of % silt was showed in the 2nd and 3rd terraces, whereas there was a significant difference (P < 0.05) between depth 30 cm and depths 60, 90 and 120 cm in the 1st terrace. The terrace means showed a significant difference (P < 0.05) among the three terraces. The silt content decreased with depth in the 3rd terrace, and was irregularly varied in the 1st and 2nd terraces. Table 2 also revealed no significant difference (P > 0.05) among depth means of% sand in the 3rd terrace, while there was a significant difference (P < 0.05) between depth 30 cm and depth 90 cm in the 2nd terrace. In contrast, there was a significant difference (P < 0.05) between depth 30 cm and depths 90 and 120 cm in the 1st terrace. The terrace means showed a significant difference (P < 0.05) between 2nd terrace as compared with 1st and 3rd terraces. The sand content increased with depth in the 1st terrace, and was irregularly changed in the 2nd and 3rd terraces. Table 3 shows data of pH, EC and CEC values. The table revealed no significant difference (P > 0.05) among depth means of pH values in the 1st and 2nd terrace, while there was a significant difference between depths 30, 60 cm and depths 90 and 120 cm in the 3rd terrace. The terrace means showed a significant difference (P < 0.05) between the 1st terrace as compared with the 2nd and 3rd terraces. The means of pH values increased with depth in terrace 1, and were irregularly varied in the 2nd and 3rd terraces. Significant difference (P < 0.05) in EC values was obtained between means of depths 30, 60 cm and depths 90 and 120 cm in the 1st and 3rd terraces. However, there was insignificant difference (P > 0.05) among depth means in the 2nd terrace. The terrace means showed a significant difference (P < 0.05) among the three terraces. Table 3 also showed that the means of EC values decreased with depth in the 1st terrace, whereas they increased in the 2nd and 3rd terraces. Contrary to pH and EC, no significant difference (P > 0.05) in CEC among depth means in the three terraces. However, the terrace means showed a significant difference (P < 0.05) between the 2nd terrace as compared with the 1st and 3rd terraces. The CEC values decreased with depth in the 1st terrace, and were irregularly changed in the 2nd and 3rd terraces. Table 4 presents data of % CaCO 3 and % O.C. The table showed no significant difference (P > 0.05) among depth means of % CaCO 3 in the 1st and 3rd terraces, while there was a significant difference between depths 30, 60 cm and depths 90 and 120 cm in the 2nd terrace. The terrace means showed insignificant difference (P > 0.05) among the three terraces. Meanwhile, the % CaCO 3 increased with depth in the 2nd and 3rd terraces, whereas was irregularly varied in the 1st terrace. There was no significant difference (P > 0.05) among depth means of % O.C in the three terraces and a cross terraces. The % O.C decreased with depth in the 1st terrace, whilst were irregularly varied in the 2nd and 3rd terraces.
Selected Physico-Chemical Soil Properties
Percent Clay, Silt and Sand Content
Soil pH, Electrical Conductivity (EC) and Cation Exchangeable Capacity (CEC)
Percent Calcium Carbonate (% CaCO3) and Organic Carbon (% O.C)
Grain Size Analysis
The grain-size distribution of sand fractions of some studied River Nile terrace soil samples are presented in (Table 5 ) and their statistical results were illustrated in (Table 6 and Table 7 ) respectively. Table 6 presents data of very coarse sand (VCS) and coarse sand (CS) fractions. The table showed no significant difference (P > 0.05) among depth means of VCS and CS in the three terraces. The terrace means in VSC showed a significant difference (P < 0.05) between the 2nd and 3rd terraces. However, significant differences (P < 0.05) were obtained in the CS between the 1st terrace compared with the 2nd and 3rd terraces. The table also revealed that the VCS were irregularly varied with depth in the three terraces; whereas, the CS decreased with depth in the 1st terrace, and was irregularly changed in the 2nd and 3rd terraces. Table 7 shows data of medium sand (MS), fine sand (FS) and very fine sand (VFS) fractions. The table revealed no significant difference (P > 0.05) among depth means of MS fraction in the three terraces. Meanwhile, the terrace means showed a significant difference (P < 0.05) between the 1st terrace compared with the 2nd and 3rd terraces. The MS fraction decreased with depth in the 3rd terrace; whereas, was irregularly varied in the 1st and 2nd terraces. Similarly, no significant differences (P > 0.05) among depth means of FS and VFS fractions in the 1st and 2nd terraces; while, there was a significant difference (P < 0.05) between depth 30 cm and depths 60, 90 and 120 cm in the 3rd terrace. The terrace means showed no significant difference (P > 0.05) among the three terraces. The table also showed that the FS and VFS fractions increased with depth in the 1st terrace, and were irregularly changed in the 2nd and 3rd terraces.
Very Coarse and Coarse Sand Fraction
Medium, Fine and Very Fine Sand Fraction
Mineralogical Composition of the Sand Fractions (Heavy Minerals)
The microscopic inspection of the Nile terrace soil samples showed that the heavy minerals included; zircon, tourmaline, rutile, garnet, sillimanite, and andalusite. Zircon was observed with several varieties and different forms, sizes and inclusions. Rounded zircon grains were identified in the soil of the 1st and 3rd terrace with range from 2% to 15%, while sub-rounded and angular zircon grains were observed in the soil of the three terraces with range from 3% to 47.36% with irregular abundance throughout the entire soil profile, but decreased far away from the Nile course. Generally, sub rounded to rounded zircon indicated a relatively long distance of transport as well relatively strong reworking. Tourmaline was observed in the three terraces with range from 2.08 to 29%, with irregular distribution throughout the entire soil profiles, but increased far away from the Nile course, suggesting relatively long distance of transport and most probably gneisses and schist source rocks. Rutile was observed in the three terraces with a range from 3% to 24.99%, with irregular distribution throughout the entire soil profile and from the Nile stream. The presence of the rounded rutile indicated reworked sediments most probably coming from metamorphic source rocks. Garnet was observed in the three terraces with range from 5% to 67%, with irregular distribution throughout the entire soil profile of the first terrace, while decreased with depth in the second terrace, and increased with depth in the third terrace. The presence of sub rounded to rounded garnet indicated that relatively long distance of transport and most probably coming from metamorphic source rocks. Sillimanite and andalusite were observed in the three terraces with range from 1% to 50% and 1% to 9.09%, respectively with irregular distribution throughout the entire soil profile and from the Nile stream. The presence of these minerals indicated reworked sediments and most probably coming from metamorphic source rocks (gneisses and/or schist).
Zircon, Tourmaline, Rutile Index (ZTR Index)
Data in Table 8 present the ZTR values. The table revealed that the average zircon, tourmaline and rutile index (ZTR index), was distributed as 54.18%, 48.22% and 36.25% in 1st terrace, 2nd terrace and 3rd terrace, respectively. ZTR values for ultra-stable minerals less than 75% mineralogically considered as immature sediments as suggested by [24] (Hubert, 1962) . In this context the average ZTR values of the three terraces were characterized by low ZTR index (less than 75%), suggesting that these sediments are immature mineralogically. Table 9 shows the semi-quantitative measurements of the identified clay minerals of selected soil samples, and the X-ray diffraction patterns are shown in Figures 2-11 . The X-ray diffractogram, indicated presence of smectite, illite, kaolinite (1st and 2nd orders), and feldspars as the major clay minerals in the soils of the study area, as confirmed by the presences of d-spacing of 14Å, 10.1Å, 7.15Å, 3.57Å, and 3.25Å, respectively. Smectite is the most abundant clay minerals in all soil samples with average ranging from 86.87%, 93.04% and 88.43% in the 1st terrace, 2nd terrace, and 3rd terrace, respectively. Kaolinite (1st order) was found as 2.23%, 1.23% and 2.56% in the three terraces, respectively. Illite was obtained as 7.05%, 2.78% and 4.07% in the 1st terrace, 2nd terrace, and 3rd terrace, respectively. Chlorite was found as 2.03%, 0.49% and 2.2% in the three terraces, respectively. Also the X-ray patterns revealed the presence of gypsum (4.4Å), quartz (3.34Å), and calcite (3.03Å).
Mineralogical Composition of the Clay Fraction
Soil Classification of the Study Area
The soils of the three River Nile terraces were classified from soil orders to the sub-great group based primarily on the effect of the soil forming factors on morphological properties of the soils according to the American system for soil classification [10] (Soil Survey Staff, 2014a). Therefore, the soils of the study were classified into: Typic, Torrifluvents (1st terrace soils), Entic, Haplocambids (2nd terrace soils), and Typic, Haplocambids (3rd terrace soils).
Discussion
The significant difference (P < 0.05) in clay content and CEC between 1st and 3rd terraces as compared with the 2nd terrace is contrary to what is expected (increase in% clay with distance from the River Nile). This could be due to the fact that profiles in the 2nd terrace were in concave sites which received water from runoff and flood. However, the clay content as well as CEC still in the 2nd and 3rd terraces was higher than in the 1st terrace. These present findings were in agreement with [25] Noaman (1989). Significant variation in% sand conforms to that of the clay content, since these fractions plus silt add to 100%. The significant difference (P < 0.05) in soil pH between the 1st terrace as compared with 2nd and 3rd terraces could be due to less leaching of the basic cations in the upper terraces (2nd and 3rd terraces); whereas in the 1st terrace leaching is expected as the soil is annually flooded [26] (Elfaki et al., 2015) . The significant difference (P < 0.05) in EC values among the three terraces might be due to higher leaching in the 1st terrace as compared with the 2nd terrace, which is inundated only during exceptionally high floods and the 3rd terrace, which had not been inundated for very long period. The variations in percent calcium carbonate (% CaCO 3 ) showed no significant difference (P > 0.05) among the three terraces. This could be due to the fact that CaCO 3 is less mobile than other salts, i.e. it moves only as Ca (HCO 3 ) 2 solution salts to be precipitated again when water has evaporated [27] (Elfaki et al., 2016) . The significant difference (P < 0.05) in the very coarse sand fraction between the 3rd terrace as compared with the 1st and 2nd terraces could be due to its weight, the very coarse sand particles are not flushed back by the receding flood water during soil genesis once transported, they remain there. The same argument could hold in use for the coarse and medium sand fraction. These results were similar to that obtained by [28] Lotefy (1997). The presence of sub rounded and rounded zircon which were irregularly distributed throughout the entire profile and its increases far away from the Nile stream may indicate a relatively long distance of transport as well as relatively strong reworking. The irregular distribution of the tourmaline and rutile throughout the entire profile and their increase far away from the Nile stream may suggest that relatively long distance of transport and most probably gneisses and schist source rocks. These present findings were in agreement with [8] Faragallah and Essa (2004) . The presence of same minerals in all terraces could indicate the same origin (igneous and metamorphic rocks) of the soils of the three terraces. The low ZTR index in the study area could be due to prevalence of low energy environment [11] . The high smectite percentage in all terraces might be due to these soils are largely made up of preserved Nile sediments that rich in smectite [29] El-Ameen et al. (2011) . Generally, the presence of the different types of clay minerals in the study soils could be due to the detrital origin from the Ethiopian plateau that mixed with the detrital materials derived from the sandstone and limestone plateaus surrounding the Nile river course during the transportation and precipitation of these Nile sediments [11] (Sulieman et al., 2015).
Conclusion
The present study was conducted in order to investigate the genesis and classification of the soils formed on three River Nile terraces at Khartoum North, Sudan. Based on the findings, it can be concluded that physicochemical, mineralogical and morphological properties of the soils in the investigated area were analogous.
Presence of ochric epipedon, lack of B horizon and carbonate accumulation were main pedogenic processes in these soils. The analysis of heavy sand mineralogy indicated that the origin of the sand in the study area was the Ethiopian plateau. Mineralogy analysis indicated that the entisols and aridisols of the study area had the same origin that of the igneous and metamorphic rocks from Ethiopian plateau. The soils of the study area were classified as Typic Torrifluvents (1st terrace), Entic Haplocambids (2nd terrace) and Typic Haplocambids (3rd terrace).
